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ABSTRACT
A new generation mechanism of the magnetic field in an inhomogeneous collisionless plasma with
a beam component is proposed. We show that even though the current and charge neutralities are
initially satisfied, the current neutrality is eventually violated if there is an inhomogeneity, so that the
magnetic field is generated. By conducting ab initio two-dimensional particle-in-cell simulations, we
demonstrate that the magnetic field is generated as expected. The new generation mechanism of the
magnetic field can play an important role in the current universe because cosmic rays can be regarded
as the beam component in the astrophysical plasma. We propose that the first cosmic rays generate
the magnetic field with a large scale at the redshift of z ≈ 20.
Keywords: Cosmic magnetic fields theory (321), Astrophysical magnetism (102), Magnetic fields (994),
Cosmic rays (329), Plasma astrophysics (1261)
1. INTRODUCTION
The magnetic field and cosmic rays (CRs) are ubiq-
uitous in the current Universe and plays various roles
in different environments. Although there are many
studies about the origin of the magnetic field (Widrow
2002; Subramanian 2019), it is still an open prob-
lem. The energy density of the magnetic field is about
0.1− 1 eV cm−3 in our Galaxy, which is comparable to
that of CRs. The magnetic field of the Earth protects us
from the solar wind and CRs. Interactions of the CRs
with Earth’s atmosphere and the magnetic field produce
the inner Van Allen belt (Li et al. 2017). Thanks to the
magnetic field in galaxies, CRs can push the gas in galax-
ies, so that the CRs drive galactic winds (Jubelgas et al.
2018; Pakmor et al. 2016; Jacob et al. 2018). Whether
the galactic winds suppress the star formation in the
galaxies or not depends on the magnetic field fluctua-
tions and the amount of CRs. Moreover, in clusters of
galaxies, plasmas are heated by the magnetic field and
CRs (Fujita et al. 2007; Fujita & Ohira 2011).
In the standard picture, CRs are though to be accel-
erated after the magnetic field with a sufficiently large
scale is generated and amplified. Recently, it is shown
y.ohira@eps.s.u-tokyo.ac.jp
that CRs are first accelerated at the redshift of z ≈ 20 by
supernova remnants of first stars without the large scale
magnetic field (Ohira & Murase 2019). Ohira & Murase
(2019) proposed a new paradigm that the magnetic field
with a small scale is generated by the Weibel instabil-
ity in the first supernova remnants at z ≈ 20; the small
scale magnetic field and the supernova remnant shock
accelerate the first CRs by the diffusive shock acceler-
ation; the first CRs generate the magnetic field with a
large scale while propagating to the intergalactic space.
However, the generation mechanism of magnetic field by
the first CRs was not provided. In this work, we provide
a new generation mechanism of the large scale magnetic
field by the propagating CRs.
A two component (electrons and ions) plasma has
been often assumed in the early studies for the gen-
eration of the magnetic field. However, astrophysical
plasmas have the propagating CRs in addition to the
electron-ion plasma after the first CRs are generated.
Bell & Kingham (2003); Miniati & Bell (2011) showed
that the magnetic field can be generated in a plasma
with a high velocity beam component if there is a non-
uniform resistivity. In this work, we show a new gen-
eration mechanism of the magnetic field in a similar
plasma with a beam but without the resistivity. We
consider an electron-proton plasma with a beam plasma
in a collisionless system. Since the time evolution of the
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magnetic field is described by the Faraday’s equation,
∂B/∂t = −c∇×E, understanding the electric field, E,
is crucial. If we consider a physics with a time scale
longer than the electron plasma oscillation and a length
scale larger than the electron inertial length, the elec-
tric field can be obtained from the generalized Ohm’s
law (Krall & Trivelpiece 1973):
∂
∂t
(∑
s
qsnsVs
)
+∇ ·
(∑
s
qsnsVsVs
)
=
∑
s
q2sns
ms
(
E +
Vs ×B
c
)
+
∑
s
qs
ms
(fs −∇ps) ,(1)
where qs, ns,Vs,ms, ps, and fs are the charge, number
density, velocity, mass, pressure, and external force act-
ing on a unit volume other than the electromagnetic
force. The subscript s denotes the particle species. In
this work, we use s = e, p, and b for electrons, protons,
and beam component.
If there is initially no magnetic field in a two com-
ponent (electron-proton) plasma, the left hand side and
the Vs ×B term in the generalized Ohm’s law vanishe.
Then, the electric field is given byE = −(∇pe−fe)/ene,
where contributions from protons are ignored because
of the large mass ratio, mp/me ≫ 1. If the curl of
the electric field is non-zero, the magnetic field is gen-
erated by the Faraday’s equation. The magnetic field
generation by the electron pressure term is called the
Biermann battery mechanism (Biermann 1950), which
has been widely discussed in many astrophysical phe-
nomena (Subramanian et al. 1994; Kulsrud et al. 1997;
Hanayama et al. 2005; Shiromoto et al. 2014). In addi-
tion, the external force acting on electrons can generate
the magnetic field. Since photons interact with elec-
trons strongly more than protons, a nonuniform pho-
ton field pushes electrons and makes the electric field,
so that the magnetic field is generated (Harrison 1970;
Takahashi et al. 2005; Durrive & Langer 2015).
2. GENERATION OF THE MAGNETIC FIELD
When a heavy beam plasma with a charge enters an
electron-proton plasma, the charge and current neutral-
ities are initially violated. After the time scale of the
electron plasma oscillation, electrons move to neutralize
the charge and current densities, so that the return cur-
rent of electrons is induced and the following relations
are satisfied:
0 =
∑
s
qsns, 0 =
∑
s
qsnsVs. (2)
If one of the three plasmas has some inhomogeneities,
the second term on the left hand side of Equation (1)
does not always vanish, which has not been considered
for the magnetic field generation. To understand the ef-
fect of the new term, in this work, we consider the second
term on the left hand side and the electron component
of the first term on the right hand side of Equation (1).
Then, the electric field is given by
E =
me
e2ne
∇ ·
(∑
s
qsnsVsVs
)
. (3)
We consider simple examples where the beam plasma is
uniform but the electron-proton plasma has a steady-
state incompressible flow before the beam plasma ap-
pears. After the beam plasma appears, the proton and
electron densities and the proton velocity field are ap-
proximately still steady state, but the electron velocity
field deviates from the steady flow because a new elec-
tron flow is induced to satisfy the current neutrality. For
∂np/∂t = ∂ne/∂t = 0, ∂Vp/∂t = 0, the time evolution
of the magnetic field is given by
∂B
∂t
=
mec
e
∇× (Ve ·∇Ve) . (4)
The right hand side of the above equation can be related
by the evolution of the electron vorticity, ∂(∇×Ve)/∂t.
If the electron-proton plasma initially has some inho-
mogeneities, the electron return current to satisfy the
current neutrality makes the vorticity of the electron
plasma. As a result, the magnetic field and the electric
current are generated. Next, we solve Equation (4) for
two simple and specific examples. For simplicity, the
charge of the beam is set to be qb = e. We choose
the beam direction as the x axis in this work, so that
Vb = Vbex, where ex is the unit vector in the x direction.
2.1. Example for a nonuniform density field
First, we consider a system where a uniform beam
plasma propagates to an inhomogeneous electron-proton
plasma initially at rest. In the proton rest frame, the
charge and current neutrality conditions become
ne = np + nb, neVe = nbVbex. (5)
In addition, the inhomogeneous density field is assumed
to be organized by entropy modes, that is, the plasma
pressure is uniform. Then, the time evolution of the
magnetic field is given by
∂B
∂t
=
mec
2e
∇×
(
∂V 2e
∂x
)
ex. (6)
The above expression means that the magnetic field is
generated by the gradient of the electron ram pressure
induced by the return current.
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To verify Equation (6), we perform a two-
dimensional particle-in-cell (PIC) simulation with the
periodic boundary condition in both directions us-
ing the public code, pCANS (Matsumoto et al. 2013;
Ikeya & Matsumoto 2015). The PIC simulation solves
the full Maxwell equations and the equation of motion
for many particles, that is, the generalized Ohm’s law is
not assumed. As an example, we prepare the following
plasmas as an initial condition:
ne=ne,0
{
1 + δ sin
(
2pi
L
(x+ y)
)}
−1/2
,
np=ne − nb,0,
nb=nb,0,
Te=T0(ne,0/ne),
Tp=T0(ne,0/ne),
Ve=Ve,0(ne,0/ne)ex,
Vp=0,
Vb=Vb,0ex,
where ne,0, nb,0, T0, Vb,0, Ve,0 = Vb,0(nb,0/ne,0), and δ
are constants, and Te and Tp are the electron and proton
temperatures, and L is the simulation box size. Assum-
ing that Ve is constant in time, the analytical solution
to Equation (6) is given by
B =
2pi2mecV
2
e,0δt
eL2
sin
(
2pi
L
(x+ y)
)
ez. (7)
The magnetic field linearly increases with time. The in-
crease rate becomes large for the large electron velocity,
Ve,0 = Vb,0(nb/ne), and the large amplitude of the fluc-
tuation, δ, but it becomes small for the large scale, L.
The spatially averaged energy density of the magnetic
field for the z component is given by
< B2z >
4pine,0meV 2e,0
= 2pi4δ2
(
Ve,0
c
)2(
L
c/ωpe
)
−4
(ωpet)
2,
(8)
where the magnetic energy density is normalized by the
kinetic energy density of the electron drift motion in-
duced by the return current, and ωpe is the electron
plasma frequency.
Figure 1 show results of the PIC simulation, where
nb,0/ne,0 = 0.02, Vb,0 = 0.5 c, Ve,0 = 0.01 c, δ = 0.5, and
L = 60 c/ωpe, respectively. The other simulation param-
eters are as follows: the cell size ∆x = 0.02 c/ωpe, the
time step ∆t = 0.01 ω−1pe ,the mass ratio mp/me = 1836,
the mean thermal velocity vth,e = vth,p(mp/me)
1/2 =
0.02 c, the mean number of particle per cell for each
species nppc = 50. The z component of the magnetic
field at time t = 5 × 102 ω−1pe is shown in the left panel
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Figure 1. Simulation results of the z component of the mag-
netic field at t = 5 × 102 ω−1pe (left) and the time evolution
of the spatially averaged energy density of the magnetic field
(right) for the first example. The magnetic field in the left
panel is normalized by the amplitude of the analytical solu-
tion, Equation (7). The circle, triangle, and square points in
the left panel show the energy density of the magnetic field
for x, y, and z component, respectively, and the solid line
shows the analytical solution, Equation (8).
of Figure 1. The right panel of Figure 1 shows the
time evolution of the spatially averaged energy density
of the magnetic field. The circle, triangle, and square
points show the simulation results for x, y, and z com-
ponents of the magnetic field, and the solid line shows
the analytical solution. The simulation results are al-
most consistent with the analytical solutions. At around
t ∼ 102 ω−1pe , the magnetic field fluctuation of the nu-
merical noise dominates the physical magnetic field. In
the later phase (t > 3× 102 ω−1pe ), the electron velocity,
Ve, is slightly not constant, which causes the deviations
from the analytical solutions.
2.2. Example for a nonuniform velocity field
As the second specific example, we consider a uniform
beam plasma and an electron-proton plasma which has a
steady-state incompressible velocity field and a uniform
density. The charge and current neutrality conditions
become
ne = np + nb, neVe = npVp + nbVbex. (9)
Then, the time evolution of the magnetic field is given
by
∂B
∂t
=
mecnbVb
ene
∇×
(
∂Ve
∂x
)
. (10)
In this case, the magnetic field is generated by the ad-
vection of the electron vorticity, (nb/ne)Vb∇× Ve. Be-
fore the beam component appears, there is no current
because electrons and protons have the same vorticity
field. After the beam component appears, the current is
generated because only the electron vorticity is advected
by the flow induced by the return current.
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Figure 2. Same as Figure 1, but the y component of the
magnetic field (right) for the second example, where Equa-
tions. (11) and (12) are used as analytical solutions.
To verify the above equation, we perform the other
PIC simulation with the periodic boundary condition in
both directions. As an example, we prepare the follow-
ing plasmas as an initial condition:
ne=ne,0,
np=ne,0 − nb,0,
nb=nb,0,
Ve=Ve,0
{
ex + δ sin
(
2pi
L
x
)
ez
}
,
Vp=
ne,0 − nb,0
ne,0
Ve,0δ sin
(
2pi
L
x
)
ez,
Vb=Vb,0ex.
Assuming that Ve is constant in time, the analytical
solution to Equation (10) is given by
B =
4pi2mecV
2
e,0δt
eL2
sin
(
2pi
L
x
)
ey. (11)
The magnetic field linearly increases with time as with
the first example. The increase rate is two times larger
than one of the first example. The spatially averaged
energy density of the magnetic field is given by
< B2y >
4pine,0meV 2e,0
= 8pi4δ2
(
Ve,0
c
)2(
L
c/ωpe
)
−4
(ωpet)
2.
(12)
Figure2 show results of the PIC simulation for the sec-
ond example, where δ = 1 and the other parameters are
the same as those of the first example. The y component
of the magnetic field at time t = 5 × 102 ω−1pe is shown
in the left panel of Figure 2. The right panel of Figure 2
shows the time evolution of the spatially averaged energy
density of the magnetic field. All the simulation results
are in very good agreement with the analytical solutions.
Therefore, the two PIC simulations confirmed that the
magnetic field is generated in a nonuniform plasma with
a beam component.
3. DISCUSSION
As shown in Equation (4), the magnetic field is gen-
erated by the electron drift velocity, Ve, which com-
pensates the beam current. If the electron drift veloc-
ity, Ve, is dissipated by other microphysics before our
generation mechanism works, the magnetic field cannot
be generated by our mechanism but would be gener-
ated by the resistive mechanism (Bell & Kingham 2003;
Miniati & Bell 2011). Coulomb and atomic collisions,
and collisionless plasma instabilities are the origin of the
resistivity. For a collisional process with a mean scatter-
ing time of tc, the dissipation time, tdis, of the electron
drift is estimated by
tdis= tc
(
L
c/ωpe
)2
≈ 2 Gyr
(
Te
1 eV
)3/2 (
L
1012 cm
)2
, (13)
where the Coulomb collision is assumed in the sec-
ond equation. Since the dissipation time is very long,
the electron drift velocity does not dissipate for suffi-
ciently large scales even though the Coulomb collision
works. The Buneman, ion acoustic, ion two stream,
and ion Weibel instabilities can be considered as col-
lisionless instabilities (Ohira & Takahara 2007, 2008;
Ohira & Murase 2019). The Buneman instability does
not occur for Ve < vth,e. The ion acoustic and ion two
stream instabilities are stable for Te ≈ Tp or Ve < cs,
where cs is the phase velocity of the ion acoustic mode.
These stable conditions are usually satisfied because the
density ratio, nb/ne, is usually very small, resulting in
the small electron drift velocity. Whether the beam
component is completely dissipated by the ion Weibel
instability or not is still an open issue. Even if the beam
component is dissipated, the beam component (e.g. cos-
mic rays) are continuously produced and propagating in
astrophysical environment. Therefore, the electron drift
velocity and beam component are maintained during the
generation of the magnetic field as long as the spatial
scale is sufficiently large.
We discuss the saturation of the magnetic field genera-
tion. The available current of electrons is about qbnbVbδ
for the above two examples. Therefore, from the Biot-
Savart law, the maximum magnetic field strength in
this mechanism is Bmax ≈ 4piqbnbVbδL/c. However,
the generation of the magnetic field would stop be-
fore the magnetic field strength reaches Bmax once the
beam plasma is magnetized, that is, the gyroradius of
the beam plasma becomes comparable to the coherent
length scale of the magnetic field, L. Furthermore, for
the above two examples, the electric field starts to os-
cillate after t & L/Ve,0, so that the generation of the
Magnetogenesis by a nonuniform return current 5
magnetic field might stop. Nevertheless, the magnetic
field generation could continue by a nonlinear feed back
on the electron velocity. We plan to address the long
term evolution of the magnetic field generation in fu-
ture work.
Recently, we discussed acceleration of first CRs at the
redshift of z ≈ 20(t ≈ 108 yr) (Ohira & Murase 2019).
In unmagnetized collisionless shocks, the Weibel insta-
bility generates small scale magnetic fields, resulting in
acceleration of the first CRs. The mean energy density
of the first CRs is estimated to be ∼ 3×10−6 eV cm−3 at
z ≈ 20 (Ohira & Murase 2019). The mean number den-
sity of the free electrons at z ≈ 20 is 10−7 cm−3. Then,
the electron velocity induced by the return current is
expected to be Ve ∼ 10
4 cm s−1(Vb/c). The accretion
to dark matter halos of low density baryons is almost
spherically symmetrical and is stopped at the virial ra-
dius of 0.1 − 1 kpc, while high density baryons have
filamentary structures and free fall to the halo center
(e.g. Yoshida et al. 2003). Therefore, shear flows with
1 kpc scale are generated for 108 yr. If we apply the
second example to the large scale structure at the early
universe, the expected magnetic field strength at z ≈ 20
is
B ∼ 7.5× 10−24 G
(
δ
102
)(
Ve,0
104 cm s−1
)2
×
(
L
1 kpc
)
−2(
t
108 yr
)
, (14)
where δ = 102 is assumed because the velocity of
the accretion flow is about 106 cm s−1 at z ≈ 20
(Barkana & Loeb 2001). This is sufficiently large as
the seed of the magnetic field in the current galaxies
(Davis et al. 1999). Once the large scale magnetic field
is generated, it is not dissipated even after the genera-
tion machines stop because of the long dissipation time
(see equation (13)). Therefore, at z ≈ 20, the first CRs
can generate the seed of the magnetic field in the current
galaxies.
Astrophysical plasmas sometimes have a beam com-
ponent in the current universe. In collisionless
shocks, some upstream ions are reflected or leaking to
the upstream region Leroy (1983); Spitkovsky (2008);
Tomita et al. (2019), so that the reflected or leaking
ions become the beam component in the upstream rest
frame. In addition to the upstream region of colli-
sionless shocks, another beam plasma is produced in
the shock downstream region if the shocks propagate
to a partially ionized plasma (Ohira et al. 2009; Ohira
2012, 2013; Blasi et al. 2012). Furthermore, CRs ac-
celerated around the shock front can be regarded as a
beam plasma (Axford et al. 1977; Krymsky 1977; Bell
1978; Blandford & Ostriker 1978). After the CRs escape
from the acceleration region, the CRs can propagate far
from the acceleration region. The escaping CRs can also
be regarded as a beam plasma (Ohira et al. 2010, 2012;
Fujita et al. 2010). The magnetic field amplification and
generation around collisionless shocks are widely studied
to understand the acceleration of CRs and to explain ob-
servations about high energy objects. Recent some par-
ticle simulations show that strong density fluctuations
are generated around the shock front for high Mach
number shocks (Caprioli & Spitkovsky 2014; Bai et al.
2015; Ohira 2016a; Ohira 2016b; van Marle et al. 2018,
2019; Tomita et al. 2019). The length scale of the den-
sity fluctuations is larger than or comparable to the gy-
roradius of ions, which is typically about 1010 cm. If we
apply the first example to the upstream region of col-
lisionless shocks, the expected magnetic field strength
is
B ∼ 10−3 G
(
δ
100
)(
nb/ne
10−1
)2
×
(
Vb/c
10−2
)2(
L
1010 cm
)
−2(
t
3 yr
)
, (15)
which could be larger than the magnetic field strength
in the interstellar medium, ∼ 3 × 10−6 G. Therefore,
the generation of the magnetic field in this work could
be important for the CR acceleration. Since there is a
finite magnetic field in the current universe, we should
investigate effects of the initial magnetic field in future.
4. SUMMARY
We have presented a new generation mechanism of the
magnetic field in an inhomogeneous plasma with a beam
component. The beam component induces the electron
return current that makes the electron vorticity if the
plasma has some inhomogeneities. Then, the magnetic
field is generated by the electron vorticity. We provided
analytical solutions of the magnetic field evolution for
two simple examples. We performed two-dimensional
PIC simulations, confirming that the magnetic field is
generated as expected. This generation mechanism of
the magnetic field could be important for the CR accel-
eration in the early and current universe. Moreover, at
z ≈ 20 it can generate the seed of the magnetic field of
current galaxies.
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